Introduction
Alternative fuels and chemicals produced from the photocatalytic conversion of CO 2 using H 2 O is a means of addressing global energy demands without contributing to existing net CO 2 emissions. However, since CO 2 is a chemically stable compound, its conversion to carbon based fuels requires substantial input of energy. Renewable carbon free sources like solar energy can provide readily available and intermittent light irradiation required for driving this conversion process. The enormous challenge here is improving conversion efficiency to make the process economically viable and this has led to extensive research on the development of highly efficient photocatalysts and scalable reactor designs capable of effective photon utilization for catalyst activation. Photocatalytic reduction of CO 2 requires catalysts that are active under a wide light spectrum to ensure effective harnessing of light energy. However, the utilization of widely available catalysts i.e. TiO 2 (cut-off band width of anatase corresponds to 387.5 nm) for visible light applications can only be achieved by modifying its electronic properties with metal or metal oxide amongst other techniques. Apart from these metals possessing their own catalytic activity and reducing the band width, they also serve as a source of charge-carrier traps which can increase the life span of separated electron hole pairs, and thus enhance the efficiency and product selectivity for CO 2 photoreduction [1, 2] . At high concentrations, these metal dopants might act as recombination centres and so decrease activity due to photon absorption of TiO 2 being blocked by metal dopants [1] . The amount and type of metal or its oxide incorporated into TiO 2 structure as well as the method of synthesis are key factors in determining photocatalytic activity and the extent of red shift that can be achieved in the visible light region. Commercialization of CO 2 photocatalytic reduction requires not only scientific insight into photocatalyst morphology and configuration but also a deep understanding of engineering aspects of these processes, upon which reliable photoreactor designs can be developed. The configuration of catalyst particles in a photoreactor system for CO 2 reduction where reaction products generated from the contact between photocatalysts, reactants and photons is also another important factor that can influence the overall photocatalytic efficiency [3, 4] . An ideal photoreactor utilised in CO 2 photoreduction reactions must have uniform light distribution throughout the entire system in order to achieve optimum results. Currently, fixed bed photoreactors that employ various structured supports are found to be attractive for CO 2 reduction instead of fluidized photoreactors, where separation of catalyst particles from the reaction mixture is a major drawback [5] [6] [7] [8] . Product selectivity and rate from CO 2 photocatalytic reduction with H 2 O has been reported to be improved when catalysts were immobilized onto fixed substrates such as optical fibres, monoliths and beads amongst others [9, 10] . The size of the catalyst crystals or aggregates (0.05 m to a few m) determines the nature of separation process required which could be expensive and time consuming [6, 11] . Furthermore, the penetration depth of UV light into the reaction medium can also be limited by the strong light absorption of organic species and catalyst particles [4, 12] . The performance comparison between Pd/Rh loaded TiO 2 suspended in H 2 O or immobilized onto ceramic honeycomb monoliths (supports) was demonstrated by Ola et al. [7] for CO 2 photoreduction. The quantum efficiency of the fixed bed reactor was an order of magnitude higher than the fluidized photoreactor. Recently, CO 2 photoreduction was performed in a fixed bed reactor containing nickel based photocatalysts deposited on a quartz plate or monolith with a network of optical fibres as light guides [13] . The effect of catalyst carriers in facilitating improved light distribution was clearly established since higher product rates were observed over the quartz plate compared to the coated monoliths. The use of transparent materials like glass meets the aforementioned challenges with the material having dual functions of supporting the catalyst and promoting light delivery. Therefore, in this work quartz will be used as the light propagating material for the glass plate due to its excellent light transmission properties and stability. Composites of V-, Cr-and Co doped TiO 2 have not only shown 'red shift' in the absorption spectra in the visible light region, but also enhanced degradation of organic compounds [14] [15] [16] and photocatalytic water splitting [17, 18] . However, V-and Co doped TiO 2 has not been studied for the photocatalytic reduction of CO 2 using H 2 O as a reductant. Accordingly, in this work we describe the effect and synthesis of V-, Cr and Co-TiO 2 photocatalysts immobilized onto quartz plates for visible light induced CO 2 photoreduction with H 2 O. The photocatalytic activity of the sol-gel derived samples were investigated as a function of metal concentration and compared to pure TiO 2 .
Experimental

Sol-gel synthesis of metal oxide based TiO 2 nanoparticles
As shown in Fig. 1 3 .9H 2 O, Acros Organics) as metal precursors. Pure TiO 2 sol was prepared without the addition of the metal precursors. Titanium (IV) butoxide and n-butanol in a volume ratio of 1:4 was stirred at 100 rpm for 16 h. Subsequently, metal precursors dissolved in acetic acid (to provide 0.1-2.0 wt% M-TiO 2 ) were added to the solution containing both titanium (IV) butoxide and n-butanol drop wise. The resulting solutions were magnetically stirred at 60 rpm for 6 h in order to allow esterification reactions take place. After 6 h, the homogeneous sol was then placed in a clean crucible and dried in a furnace (Carbolite, CWF 1100) under airflow at the rate of 3 K/min to 423 K for 3 h. The samples were further calcined to burn off organic compounds and complete crystallization at a heating rate of 5 K/min to 773 K for 1 h. The resulting samples were crushed into powder using a mortar and pestle to obtain metal oxide based TiO 2 nanoparticles of varying loading ratios.
Characterization of nanoparticles
Powder X-ray diffraction was performed on the Hiltonbrooks Xray powder diffractometer with a Philips PW 1050 goniometer and proportional detector. Phase identification was carried out using the MDI Jade 5.0 traces v.3 processing software while the crystallite size was computed using the Scherrer's equation (d = k /č os Â) where d is the crystallite size, k is a constant, ˇ is the full width at half maximum (FWHM) intensity of the (1 0 1) peak in radians, and Â is Bragg's diffraction angle. The strain/disorder contributions to reflection widths and anisotropic effects on coherent diffraction domain size were not considered during calculation of the crystallite size. Surface morphology and elemental composition of the catalysts were examined by using scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS, Quanta 600 model) for measuring the emitted X-rays after scanning a section of the compacted pellets by an electron beam (15 eV). The high vacuum mode and voltage of 30 kV was used during SEM while the low vacuum mode and voltage of 25 kV was used for the SEM-EDS. The morphology and particle size distribution of the samples were studied by TEM. TEM analysis was conducted using a JEOL 2100F instrument at an acceleration voltage at 200 kV. Absorption spectra of powder samples recorded in the form of wavelength plotted against absorbance (intensity of the light) was measured by using a spectrometer (Varian Cary 300). The threshold wavelength was determined by the extrapolation of the absorption edge (i.e. the region where the absorbance has a maximum increase with respect to the wavelength) and the baseline (i.e. the region where little or no change in absorbance is observed with respect to increasing wavelength). Diffuse reflectance was recorded using a Perkin Elmer Lambda 950 UV/Vis/NIR spectrometer with a diffuse reflectance accessory. Diffuse reflectance UV-vis spectra were obtained using Kubelka-Munk function of F(R) = (1-R) 2 /2R, where R is reflectance (%). Tauc plot was then obtained from the equation of (F(R) hv) 1/n = A(hv-Eg), where hv, A and n represents photon energy, band gap and electron transition during absorption process. Bandgap was estimated from the point where the linear portion of the plot intersected the y axis. Due to the spectra overlapping, spectra were shifted on the y-axis for clarity and comparison purposes. The specific surface area was determined by the adsorption of an inert gas (nitrogen, N 2 ) using a ChemBET TPR/TPD analyser connected to a linear mass flow controller/gas blender. X-ray photoelectron spectroscopy (XPS) was performed by using a Kratos AXIS ULTRA with a mono-chromated Al k␣ X-ray source (1486.6 eV) typically operated at 25 mA emission current and 12 kV anode potential. The high resolution scans were charge corrected to the main C 1s peak = 285 eV and subsequently quantified to determine the amounts of each element present based on the peak areas, using CASAXPS software with Kratos sensitivity factors.
Photocatalytic CO 2 reduction
Photocatalytic reaction of CO 2 with H 2 O in the gaseous phase was conducted in a cylindrical Pyrex glass reactor with dimensions of 5.5 cm × 11 cm (diameter and height). The humidifier was connected before the gas inlet, while the temperature and pressure were monitored via a type T thermocouple and pressure gauge, respectively, connected by 1/8" fittings after the product outlet. Approximately 0.2 g of catalyst was evenly dispersed on the quartz plate with dimensions of 4.5 cm × 10.5 cm which was inclined at an angle of 15 • facing the light rays emitted through the quartz window (Fig. S1 ). The surface of the quartz plate was roughened by sandblasting to provide strong adherence between the catalyst and the support. The assembled photoreactor was placed in a gloved box to avoid external light interference. Leakage was tested by observing changes in the pressure gauge when purging with helium (He) gas. If leak-proof, the reactor was then purged with He for 1 h to eliminate residual air, then switched to CO 2 (Air Products, 99.9995%) gas saturated with water vapour for 1 h at flow rate of 4 ml/min. The pressure was maintained at 1 bar to increase the solubility of the CO 2 in the system. After 1 h, the light source was turned on to activate the catalysts and readings were taken after 4 h. Halogen lamp (500 W) with wavelength distribution within the range of 380-1100 nm irradiated the catalyst through the quartz window. The light intensity was measured by a radiometer (R2000, Omnicure) at 6 different positions. The average light intensity was 68.35 mW/cm 2 . Light irradiation was transmitted into the photoreactor via the quartz window present in front of the photoreactor. Circulating cooling water was applied to control the rise in temperature of the lamp during use. The reaction was performed in batch mode. Gas stream were analysed using a mass spectrometer (MS, Hiden Analytical) equipped with capillary, quadrupole mass analyser (HAL 201-RC) and Faraday/Secondary electron multiplier (SEM) detectors. Each gas compound was determined by using a unique mass and ionization profile assigned after the spectral overlaps were resolved by the software. Individual gas compounds were identified using specifically assigned mass distribution keys where the green-coloured boxes represent the peaks suitable for analysis after the spectral overlap was resolved by the software, while the grey-coloured boxes represent the peaks where the spectral overlap could not be resolved (Table S1 ). The green-coloured boxes were therefore chosen for identifying individual gas compounds, and the respective masses under which they were present were the specific masses chosen for compound identification. The software automatically calculated and subtracted the spectral overlap before providing quantitative analysis. The resulting data from calibration were used by MASsoft Professional for subsequent experimental runs. The results were displayed as they were acquired in tabular format as ppm. An average of 3 readings was used from 3 experimental runs. Although CO production has been reported in the literature, CO could not be detected with our standard HPR-20 system, because CO 2 is the bulk gas [9] . This results in a large CO + (m/z\28) background signal arising from CO 2 fragmentation. Control experiments were performed with and without the light source in the presence and absence of the catalyst to confirm that reactions were due to CO 2 photoreduction. The CO 2 reduction experiments were repeated thrice, with the production rates averaged and the error bars reported. Series of background test were conducted to prove that carbon based compounds originated from CO 2 photoreduction. First series of tests were performed in the absence or presence of several parameters such as light source; H 2 O, catalyst and CO 2 . Further tests were also conducted using pure helium or argon as a substitute for CO 2 . The presence of hydrocarbons was not identified in the aforementioned conditions, which demonstrates that CO 2 photoreduction cannot proceed without the presence of H 2 O, CO 2 , catalyst and light. Fig. 2 presents the X-ray diffraction patterns of pure TiO 2 and V-, Cr-, and Co-based TiO 2 nanoparticles after calcination at 773 K. The loading ratios were set at 1 wt% and 2 wt% for each element. The crystalline phase of all samples was primarily anatase. Rutile peaks at ca. 27.4 • and 36.1 • (JCPDS Card File No.65-0191) were further observed in the diffraction pattern of 2 wt%V-and 2 wt%Cr-TiO 2 samples only. Chromium and cobalt peaks in its metal or oxide phase were not observed even at the highest loading ratio of 2 wt% within the XRD detection limits. Additional peaks belonging to vanadium in its metal or oxide phase were also not observed in samples with loading ratios within 0.1-1.5 wt%. As shown in Fig. 1 , the phase structures of V elements on the surface of 2 wt%V-TiO 2 photocatalyst were observed by the characteristic diffraction peaks of vanadium (IV) oxide (VO 2 ) at ca. 14. [19, 20] . The crystallite grain size for anatase calculated from the Scherrer equation for the metal based samples were within 10.1-13.8 nm ( Table 1 ). The crystallize size of anatase for the metal based TiO 2 samples slightly decreased with increasing metal concentration compared to crystallite size of pure TiO 2 ( Table 1) . No other crystalline phase was detected from the XRD pattern of 1 wt%V-TiO 2 before and after photocatalytic reaction ( Figure 2 ). An increase in specific surface area of TiO 2 occurs with an increase in V concentration and surface area values were within the range of 100.2 106.4 m 2 /g. The BET specific surface area of the Cr-TiO 2 based photocatalysts were within the range of 62.2-120.2 m 2 /g while specific surface area of the Co-TiO 2 based photocatalysts were within the range of 99.1-106.4 m 2 /g. Fig. S2 show the surface morphology of TiO 2 nanoparticles. Aggregates of spherical shaped particles of varying sizes were observed from the SEM micrographs of pure TiO 2 nanoparticles using the magnification of 140,000 ×. After calcination at 773 K for 1 h, nearly spherical nanoparticles of varying diameters from 6-31 nm were observed from the transmission electron microscopy (TEM) micrographs (Fig. 3a-c 
Results and discussion
Textural properties of M-TiO 2 photocatalysts
XPS analysis
The near surface elemental composition of the M-TiO 2 samples measured by XPS are listed in Table 1 while high resolution XPS spectra of V 2p and Co 2p of 2 wt%M-TiO 2 nanoparticles calcined at 773 K are presented in Fig. 4. In Fig. 4a , the binding energies at 517.4 eV and 524.4 eV are characteristic of vanadium (IV) oxide while the binding energies at 516.3 eV and 525.1 eV are characteristic of vanadium (V) oxide, respectively [21] . This indicates that V species exist in the TiO 2 matrix in the form of V 4+ and V 5+ . These values are consistent with the binding energies of V 2p 3/2 measured for V doped TiO 2 [14] . The presence of V 4+ species in the sol gel derived vanadium doped TiO 2 samples were probably due to the reduction of V 5+ by the decomposition of organics from starting materials [22, 23] . The V 2p peaks of the fresh and used catalysts occur at the same binding energies before and after the photocatalytic reaction (Fig. 4a) . In Figure S3 , the binding energies of the Cr 2p 3/2 and Cr 2p 1/2 core levels at 576.5 eV and 586.3 eV are characteristic of chromium (III) oxide, respectively [24] . This indicates that Cr species exist predominantly in the TiO 2 lattice sites in the form of Cr 3+ . These values are consistent with the binding energies of Cr 2p 3/2 measured for Cr doped TiO 2 [16, 25, 26] . As shown in Fig. 4b oxide, respectively [24] . The shake-up satellite peaks of Co 2p 3/2 and Co 2p 1/2 which are characteristic of the high spin Co 2+ are also present at binding energies of 786.1 eV and 802.5 eV, respectively. This indicates that Co species exist in the TiO 2 lattice sites in the form of Co 2+ . These values are consistent with the binding energies of Co 2p 3/2 and Co 2p 1/2 measured for Co doped TiO 2 [27, 28] . The peaks of Ti 2p 3/2 and Ti 2p 1/2 for all M-TiO 2 samples are located at 458.8 eV and 464.7 eV respectively, which agree well with the values reported in the literature for anatase TiO 2 [24] .
Light absorption properties of M-TiO 2 photocatalysts
The absorption spectra for the M-TiO 2 samples synthesized by the sol-gel method at various loading ratios are presented in Fig. 5 . Addition of V, Cr and Co ions results in a red shift of the absorption edges and decrease in band gap energies of these M-TiO 2 based samples when compared with the spectrum of pure TiO 2 (3.1 eV). Absorption spectra of the resulting M-TiO 2 photocatalysts showed increased shift in the visible light with increased metal concentration. The largest shift of the absorption edge was observed by the 2 wt% of all samples within the series tested; with Cr-TiO 2 samples having the lowest band gap energies followed by the V-and Co-TiO 2 samples (Fig. 5) . The increased absorbance shown by all the samples may arise from the charge transfer transition from the 3d orbitals of the metal ions to the TiO 2 conduction band [29] . The optical properties of TiO 2 were tuned towards the visible light by the substitution of Ti 4+ by V 4+ or V 5+ ions. Several researchers have reported that the absorption band of V 4+ is centred at 770 nm, while the absorption band of V 5+ is lower than 570 nm [23, 29] . Based on the spectra of the V-based photocatalysts in this study, it can be inferred that both V 4+ and V 5+ ions coexist in the samples, which is consistent with XRD and XPS results. The tailings observed in the absorption band of M-TiO 2 samples have been reported to be assigned to the charge transfer transition from the 3d orbitals of metal species to the TiO 2 conduction band [21, 29, 30] . For Cr-TiO 2 , the band gap energies of the Cr-based catalysts were within the range of 2.12-2.94 eV, while the band gap energies were within the range of 2.51-3.04 eV for Co-TiO 2 samples. These results are consistent with the previous findings where the addition of Cr and Co species results in a red shift of the absorption edges and decrease in band gap energies of the TiO 2 based samples when compared to pure TiO 2 [15, 28, 31] .
Photocatalytic reduction of CO 2
The effect of various M-TiO 2 based photocatalysts dispersed on the quartz plates for photocatalytic CO 2 reduction using visible light irradiation for 4 h is illustrated in Fig. 6 . In this study, hydrogen, methanol, acetaldehyde and ethanol were identified as the main products during photoreaction. Although CO production has been reported in the literature, CO could not be detected in our experiments with our standard HPR-20 system. As shown in Fig. 6a , the product rates steadily increases until it reached the maximum for vanadium loading of 1.5 wt% and decreases for the subsequent higher loading ratio under visible light. Maximum product rates of 47.89 mol/g cat h and 18.49 mol/g cat h, were obtained for hydrogen and methanol evolution over the V-TiO 2 catalysts dispersed on the quartz plates. Cr-TiO 2 samples showed optimum photocatalytic activity at loading ratio of 0.5 wt% within the series tested. The maximum product rate of 28.08 mol/g cat h and 11.74 mol/g cat h Fig. 6 . Effect of metal concentration on product rate using quartz plate as a catalyst carrier under visible light irradiation (A-pure TiO2, B-0.1 wt%, C-0.5 wt%, D-1 wt%, E-1.5 wt% and F-2 wt%).
for hydrogen and methanol production decreased for subsequent higher loading ratios after 4 h of visible light irradiation (Fig. 6b) . The photocatalytic activity was increased up to a maximum product rate of 62.91 mol/g cat h and 26.12 mol/g cat h for hydrogen and methanol, respectively for the 1 wt%Co-TiO 2 sample (Fig. 6c) . All M-TiO 2 based samples show a much higher level of photoactivity than pure TiO 2 . Hydrogen and methanol were favourably produced in the gas phase for all M-TiO 2 based samples because two and six photoelectrons were required for their formation, respectively. Overall, maximum hydrogen and methanol production was observed over TiO 2 doped with Co 2+ ions in comparison with other M-TiO 2 photocatalysts within the series tested. Fig. 7 shows the effect of irradiation time on the product rate using the optimal catalyst, 1 wt%Co-TiO 2 catalyst dispersed on the quartz plate under visible light irradiation. Production rate steadily increases till the 4th hour, after which decline in product formation was observed for the subsequent hours.
Several researchers have used different glass substrates for CO 2 reduction under UV light [32, 33] . Highly dispersed titanium oxide anchored onto Vycor glass was prepared by Anpo et al. [34] for the photocatalytic reduction of CO 2 with H 2 O. The supports were prepared through facile reaction between surface OH groups of a transparent porous Vycor glass and TiCl 4 . UV irradiation of the support led to the formation of C1 compounds such as CH 4 , CH 3 OH and CO as major products and trace amounts of C 2 compounds (C 2 H4 and C 2 H 6 ) at 323 K. Cu nanoparticles were deposited on fluorinated tin oxide (FTO) glass substrates for CO 2 reduction to CH 4 under UV irradiation [35] . Cu-TiO 2 films (∼0.18 mol/g h) were reported to exhibit higher rates compared to pure TiO 2 (∼0.07 mol/g h) and TiO 2 P25 (∼0.01 mol/g h). Enhanced light absorption and increased diffusion length of photoinduced electrons were amongst some of the reasons for enhanced CO 2 photoconversion rates. Platinum (Pt)-TiO 2 nanostructured thin films with different deposition times were immobilized onto indium tin oxide (ITO)-coated aluminumosilicate glass using RF magnetron sputtering and gas-phase deposition method [36] . The films which had a one-dimensional (1D) structure of TiO 2 single crystals with ultrafine Pt nanoparticles (NPs, 0.5-2 nm) produced CO (179 mol/g cat h) and CH 4 (1361 mol/g cat h) under UV light irradiation. The fast electrontransfer rate in TiO 2 single crystals and the efficient electron-hole separation by the Pt NPs were the main reasons reported to be attributable for this enhancement. The results of this study can only be indirectly compared to the research by Nishimura et al. [37, 38] where series of sol-gel derived Cr-TiO 2 coated quartz discs were tested for CO 2 photoreduction under visible light. Under their experimental conditions, the Cr-doped TiO 2 samples showed improved photoresponse in the visible light in their study compared to the pure TiO 2 film. Optimum product yield of 1.89 mmol/gcat (CO) was obtained using 70 wt%Cr-TiO 2 immobilized on top of the quartz disc after 96 h of visible light irradiation. A comparison between their results and this present study established the contributing effect of Cr in enhancing CO 2 reduction performance of TiO 2 in the visible light region. Product formation rate cannot be directly compared due to the absence of CO detection capability in this present study.
The increased visible light absorption and specific surface area upon addition of V, Cr and Co were key factors that influenced the photocatalytic activity of these photocatalysts in the visible light region compared to pure TiO 2 . The reduction in crystallite size and higher surface areas when compared to pure TiO 2 also facilitated improved photocatalytic efficiency due to their large surface to volume ratios which reduces the probability of electron-hole recombination [12] . Several researchers have reported that V 4+ species were the active sites on V based TiO 2 catalysts for the photodegradation of ethene [21] , toluene [39] and methylene blue [40] . Furthermore, it is generally accepted that V 4+ can act as both an electron and hole trap and thus charge separation can be favoured by the charge transfer transition from V 4+ to the conduction band of Ti 4+ level, while V 5+ can serve as an electron acceptor only [39, 41] . The substitution of Ti 4+ with increasing Cr atoms in the crystal lattice causes lattice deformation owing to the rearrangement of the neighbouring atoms compensating for charge deficiency. This charge compensation effect results in the generation of oxygen vacancies during calcination [31] . Conduction-band edge of VO 2 , V 2 O 5 and CoO nanocrystals have been reported to be above the hydrogen evolution potential of −0.41 V, while the valence band edge lies below the oxygen-evolution potential [42, 43] . Photogenerated electrons and holes react with H + and OH − ion dissociated from surface adsorbed H 2 O molecules to form adsorbed hydrogen and OH radical [9] . Further reaction of holes with • CO 2 − radicals and H led to the formation of hydrocarbons as the final product. The influence of these substitutional ions is further confirmed by the change in light absorption properties of the Cr-and Co based TiO 2 samples observed in the UV-vis spectra when compared to pure TiO 2 . The incorporation of these metal ions in TiO 2 matrix can increase the optical absorption towards the visible light region which subsequently facilitates the photocatalytic activity of TiO 2 in the visible light. The light absorption properties of the photocatalysts were extended towards the visible light region upon the addition of V, Cr and Co, which implies that the formation of photogenerated charge carriers will be enhanced. The increased red shift and optical absorption observed in the visible light region was due to defect centres created by the substitution of Ti 4+ with increasing metal ions in the crystal lattice of TiO 2 . Therefore, the band gap energy required for the migration of valence band electrons to the conduction band is reduced, leading to the availability of more photogenerated charge carriers to participate in the reduction of CO 2 . Based on the CO 2 photoreduction results presented above, it is therefore evident that photoreduction is strongly dependent on the metal concentration rather than the band width of the metal based TiO 2 photocatalysts. These photogenerated electrons and holes then undergo redox reactions with the electron donors and acceptors adsorbed on the surface of TiO 2 to derive fuels as demonstrated in this study. However, increased recombination rate of the photogenerated charge carriers may increase with high metal concentration due to metal ion species acting as both electron and hole traps and thus creating multiple trap sites. Similar trend of reduced photoactivity after exceeding the optimum metal concentration has been reported in the literature and our previous studies [44, 45] . Probable causes are attributed to the coverage of the surface of TiO 2 with increased metal ions which can inhibit interfacial charge transfer due to insufficient amount of light energy available for activation of all the catalyst particles. The increased concentration of V ions can also act as recombination centres of holes and electrons. Bhattacharyya et al. [21] observed maximum conversion rates using 5 mol%V doped TiO 2 sample, after which drastic reduction was observed for the 10 mol% sample. The decline in activity was ascribed to presence of excess V ions facilitating the increased electron generation and the narrowed band width probably contributing to reverse electron transfer and hole quenching. When the metal content of Cr exceeded 0.2 wt%, Zhu et al. [26] recorded a decrease in photocatalytic dye degradation due to electron hole recombination. Hamadanian et al. [15] observed maximum degradation rates using 0.5 wt%Co doped TiO 2 sample, after which the degradation rates of methyl orange decreased for the other samples. The decrease in photocatalytic activity was ascribed to Co particles acting as recombination centres for photogenerated electrons and holes.
Conclusions
M-TiO 2 photocatalysts immobilized onto quartz plates were successfully prepared by sol-gel process and tested for the photocatalytic reduction of CO 2 under visible light irradiation for the first time. The addition of varying concentrations of V, Cr and Co in TiO 2 sol resulted in a decrease in crystallite size of anatase and enhancement of the optical absorption to longer wavelengths in the visible light region. Results showed that the photoconversion rates were remarkably enhanced for the M-doped TiO 2 supports when compared to pure TiO 2 at optimal metal concentrations, with the Co-TiO 2 samples having the highest photoconversion rates. Conversely, high metal concentration was detrimental to visible light photocatalytic activity, likely due to the metal ion species acting as multiple trap sites and thus facilitating electron-hole recombination. Experimental results obtained from the sol-gel derived M-TiO 2 based supports can be further optimized to improve CO 2 reduction efficiency for future applications.
